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Resistance to ischemic acute renal failure in the Brown Norway
rat: A new model to study cytoprotection.
Background. An in vivo model of intrinsic resistance to is-
chemia could be invaluable to define how specific pathways to
injury or putative protectors from injury affect the severity of
acute renal failure (ARF). The purpose of this study was to de-
termine whether separate rat strains had differential sensitivity
to renal ischemia, characterize the extent of protection, and be-
gin to define differences in gene expression that might impact
on the severity of ARF.
Methods. The sensitivity to 45 minutes of renal ischemia in
Sprague-Dawley rat (SD) was compared with 2 lines of Brown-
Norway rats (BN/Mcw, BN/Hsd). Constitutive and inducible
stress protein expression was compared between strains.
Results. At 24 hours’ reperfusion, SD rats had higher creati-
nine (3.4 mg/dL), elevated Na and water excretion, and prox-
imal tubule necrosis. Both strains of BN rats were resistant to
loss of renal function (Scr = 0.9 mg/dL at 24 hours’ reflow) and
had preserved renal morphology. BN rats had no redistribution
of Na,K-ATPase into detergent-soluble cortical extracts found
early (15 minutes) after ischemia in SD rats. Hsc73 expression
did not differ between strains and was not induced by ischemia.
Compared with SD, induction of Hsp25 and 72 by renal ischemia
was blunted in both BN strains. Constitutive Hsp25 was higher
in both BN-Mcw and BN-Hsd compared with SD rat kidney.
Constitutive Hsp72 was significantly higher only in BN-Mcw
kidneys. Immunohistochemistry showed baseline Hsp72 and 25
expression was increased in proximal tubules of BN-Mcw versus
SD.
Conclusion. BN rat kidney is resistant to ischemic injury and
provides a new model for studying cytoprotective mechanisms.
Initial study of strain-specific gene expression suggests partic-
ular stress proteins are among the potential mechanisms con-
tributing to protection against ARF.
Ischemia/reperfusion (I/R) injury in rodents is com-
monly used to study acute renal failure (ARF). Ischemia-
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induced changes include early, sublethal damage to
the integrity of the cytoskeleton in cortical proximal
tubules, and more severe, generally lethal injury in outer
medullary proximal tubules [1–3]. While important work
has previously defined pathways involved in the patho-
genesis of ARF from ischemia, the relative contribution
that each pathway makes to the injury process remains
incompletely understood and appears to depend on the
particular model studied.
Nevertheless, integrating knowledge gained from each
model has provided a broad understanding of patho-
physiologic processes initiated by renal ischemia. Studies
from several groups of investigators have implicated roles
for reduced cellular ATP levels [4, 5], disruption of the
cytoskeletal structure and resultant loss of cell polarity
[6–8], generation of reactive oxygen species [9–12], and
accumulation of inflammatory cells [13–16] in the injury
process. Further, several studies have examined whether
activation of specific intracellular signaling pathways ren-
der protection from I/R injury. Ischemic preconditioning
has been widely used in the study of protection against
cell injury from cardiac ischemia, and in a more limited
fashion in renal ischemia [16–22]. Preconditioning may
involve mechanisms related to leukocyte adhesion [16,
23], alteration of K-ATP channel activity [24], or activa-
tion of cell-stress pathways [25]. Among the cell-stress
pathways found activated by renal ischemia, the stress
proteins Hsp72 and Hsp25 have been studied by several
groups. Both proteins are induced after renal I/R injury,
and overexpression of either can protect renal epithelia
from specific insults and manifestations of in vitro injury
[26–31]. To date, however, there is only limited evidence
for a role of heat shock proteins (Hsps) in protection
against renal I/R injury in vivo.
In vivo preconditioning models require an initial sub-
lethal insult to activate stress pathways proposed to be
cytoprotective. Defining how any particular cytoprotec-
tant, separate from all of the stress pathways, is activated
by the stimulus might be complicated further when done
in the setting of recovery from an earlier insult, such as
that used in preconditioning studies. An in vivo model
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of intrinsic resistance to ischemic injury, then, could be
invaluable to define how specific pathways to injury or
putative protectors from injury interact to determine the
severity of ARF. The identification of endogenous resis-
tance to injury within specific strains of a species offers
the opportunity to discover novel protective pathways
with the potential for greater reproducibility of results
than cross-tolerance or preconditioning models. Such ge-
netic models of intrinsic resistance to injury would not be
confounded by cellular alterations resulting from the ear-
lier insult required by preconditioning protocols. When
compared with traditional and well-characterized models
of renal ischemia, these models of inherent resistance to
injury could be used to study differences in biochemical
pathways implicated in the injury process. Moreover, new
models of genetic resistance to injury could not only de-
fine the relative contribution of specific cytoprotectants
already implicated, but also facilitate discovery of novel
protective mechanisms.
Recently, using an in vitro model of cardiac ischemia,
Baker et al [32] described resistance to ischemia in hearts
from Brown-Norway (BN) rats. Because the genetic ba-
sis of susceptibility or resistance to injury may be shared
between tissues, we studied whether the Brown Nor-
way rat is resistant to ischemic renal injury. Compared
with the commonly used and well-characterized Sprague-
Dawley (SD) rat model, we found nearly complete pro-
tection from several manifestations of renal ischemia and
reperfusion injury in BN rats. Our results indicate that
either powerful cytoprotective mechanisms are present,
or pathologic mechanisms are absent or attenuated in
the kidney of BN rats. In addition, as a first step toward
investigating what cytoprotective mechanisms might be
present in BN kidneys, we examined whether constitu-
tive or inducible expression of heat shock proteins dif-
fered between the strains as one among many potential
contributors to resistance against ischemic injury.
METHODS
Animals and surgical procedures
Care of the rats before and during the experimental
procedures was conducted in accordance with the poli-
cies of the Animal Resource Center, Medical College of
Wisconsin, and the National Institutes of Health guide-
lines for the care and use of laboratory animals. All
protocols had received prior approval by the Medical
College of Wisconsin Institutional Animal Care and Use
Committee.
One line of inbred BN rats selected for this study are
bred and maintained at the Medical College of Wiscon-
sin. This line has been designated BN/SsN/Hsd/Mcwi [33],
but for simplicity is referred to herein as the BN/Mcw. A
commercially available line of BN rat was also included in
these studies for comparison and is referred to as BN/Hsd
(Harlan, Madison, WI, USA). The outbred SD rat, re-
ferred to as SD/Hsd (Harlan), was used for comparison
in these studies because of our previous experience with
this strain and its common use by many investigators in
studies on ARF.
Male rats were housed in pairs in standard shoebox
cages with 12-hour light cycle and given access to water
and chow ad libitum. BN/Mcw rats raised in the Medi-
cal College of Wisconsin facility were maintained on diet
containing 0.4% NaCl (Dyets, Bethlehem, PA, USA).
Animals received from outside vendors (BN/Hsd and the
SD/Hsd) were placed on 0.4% NaCl diet upon arrival.
These animals were acclimated to this diet for a mini-
mum of 1 week before experiments.
Animals (175 to 225 g) were anesthetized with ke-
tamine (100 mg/kg i.p.) for 10 minutes, followed by
administration of pentobarbital (25 to 50 mg/kg i.p.). Bi-
lateral renal ischemia was induced in rats according to
surgical procedures previously described [34, 35]. Briefly,
animals were placed on heated surgical tables to main-
tain body temperature, and midline incisions were made
to expose the kidneys. Blood supply to the kidneys was in-
terrupted by applying micro-aneurysm clamps for the in-
dicated times. After occlusion, the clamps were removed,
and reflow was verified visually. In sham operations, an-
imals were exposed to the same treatments, but clamps
were not applied. Importantly, we utilized a side-by-side
comparison to minimize variation in resultant injury. As
such, the same individual induced renal ischemia on all
animals in this study, and ischemia was induced on ani-
mals from each strain in an alternating fashion.
Assessment of renal function and structure
Animals were allowed to recover for the indicated
times (15 minutes, 24 hours, or 48 hours) after reperfu-
sion. In animals recovered for 24 hours or greater, tail
blood samples (0.5 mL) were collected under halothane
anesthesia into heparinized tubes, and plasma obtained
after centrifugation. For assessment of urinary and Na
excretion, animals were placed into metabolic cages
(Nalgene, Rochester, NY, USA) for urine collection be-
tween 24 and 48 hours of reflow after ischemia. Serum
and urine creatinine were determined using standard as-
says (Sigma creatinine kit 555A; Sigma Chemical Co., St.
Louis, MO, USA). Urine volume was determined gravi-
metrically. Urine sodium excretion was determined by
flame photometry (Instrumentation Laboratories, Lex-
ington, MA, USA).
At termination of the experiment, animals were anes-
thetized with pentobarbital, and a midline incision was
made to expose the kidneys. Kidneys were rapidly ex-
cised, cut longitudinally, and fixed by immersion in 10%
buffered formalin. The tissues were prepared for routine
paraffin embedding and examination by light microscopy
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using perodic acid-Schiff staining. The remaining kidney
tissue was utilized for biochemical analysis (see below).
Analysis of renal Na,K-ATPase and Hsp expression
Renal tissue was taken from rats of each strain 15 min-
utes, 24 hours, and 48 hours after ischemia. For compari-
son, tissue was also obtained from sham-operated control
rats at times equivalent to onset of ischemia and each re-
flow interval. Tissues were either snap frozen in liquid
nitrogen and stored at –80◦C for later processing, or
immediately processed as follows: the tissue samples
were homogenized using a Potter-Elvehjem homoge-
nizer in 150 mmol/L NaCl, 10 mmol/L Tris (pH 7.5),
1 mmol/L EDTA, and 1 mmol/L phenylmethylsulfonyl
fluoride (PMSF). The samples were centrifuged at 680g
for 10 minutes at 4◦C to remove residual unhomog-
enized tissue fragments, then the homogenates under-
went protein determinations as previously described [36]
before being stored at –80◦C. Equal protein aliquots
were then subjected to Western analysis for Hsp25 (anti-
body SPA 801; Stressgen, Victoria, BC, Canada), Hsp72
(antibody SPA 810; Stressgen), and Na,K-ATPase as
previous described [26, 27, 36], and for the 70-kD cog-
nate of Hsp72, Hsc73 (antibody SPA-815; Stressgen)
after electrophoresis through 12.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
for Hsp25, and 7.5% SDS-PAGE for the remainder of the
proteins studied using precast gels and the Mini-Trans-
Blot system (Bio-Rad, Hercules, CA, USA).
Na,K-ATPase attachment to the cytoskeleton
Disruption and restoration of Na,K-ATPase attach-
ment to the cytoskeleton in renal tubule epithelia af-
ter ischemia was assayed by detergent extraction as
previously described [6, 36]. In brief, renal cortex was
harvested from each strain of rats at 15 minutes’ and
24 hours’ reflow after 45 minutes of renal ischemia. The
cortex was immediately homogenized in chilled Triton ex-
traction buffer containing 0.1% Triton X-100, 60 mmol/L
PIPES, 10 mmol/L EGTA, 2 mmol/L MgCl2 0.1 mmol/L
DTT, 1.0 mg/L leupeptin, and 0.5 mmol/L PMSF. After
the initial low-speed 680g spin, the homogenates were
subjected to centrifugation at 35,000g for 15 minutes at
4◦C. The detergent-extractable supernatant was carefully
removed, and the insoluble pellet was resuspended in an
equal volume of extraction buffer. Distribution of Na,K-
ATPase between the detergent-soluble fraction and the
insoluble cytoskeleton-associated fraction was then as-
sayed by Western analysis. Quantification of signals from
Western blots was carried out by densitometry (AlphaIm-
ager 2000 v. 4.03; Alpha Innotech, San Leandro, CA,
USA).
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Fig. 1. Serum creatinine values 24 hours after sham operation or
ischemia/reperfusion. Comparisons were made between Sprague-
Dawley (SD) and two lines of Brown-Norway (BN) rats, BN/Mcw and
BN/Hsd. Animals were subjected to either 45 or 52 minutes of renal
ischemia followed by 24 hours of reperfusion. ∗Indicates P < 0.05 sham
vs. either postischemic group; †indicates P < 0.05 post-ischemic BN
rats vs. corresponding postischemic SD. All statistical analysis was by
Student t test.
Immunohistochemical localization of Hsps in kidneys
of SD and BN rats
Immunohistochemical localization of Hsp25 and 72
was carried out on formalin-fixed paraffin-embedded tis-
sues using a standard indirect avidin-biotin-horseradish
peroxidase (HRP) method (Zymed, South San Fran-
cisco, CA, USA). The primary antisera used for Hsp25
was SPA 801 and for Hsp72 was SPA 812 (1:500; both
from Stressgen). The colormetric reaction of HRP was
carried out using a metal intensification method for
diaminobenzidine according the method described by
Adams [37]. All fixation, processing, and immunohis-
tochemical steps were carried out simultaneously on
BN and SD tissues to avoid any potential differences
that might occur during immunohistochemistry because
of technical reasons. Normal rabbit serum of the same
dilution (1:500) was incubated on adjacent sections
(same slide) and used to control for nonspecificity of
binding.
RESULTS
Differential sensitivity to renal ischemia between
SD and BN rats
The sensitivity of two lines of BN rats (BN/Mcw and
BN/Hsd) to renal ischemia was compared with that of the
SD rat; 24-hour serum creatinine values were used as one
index of renal injury. As expected, in SD rats, serum cre-
atinine levels at 24 hours’ reflow rose to 3.3 ± 0.4 and
3.8 ± 0.7 mg/dL after 45 or 52 minutes of I/R injury,
respectively (Fig. 1). In contrast, both lines of BN rats
showed significant resistance to either I/R protocol with
serum creatinine values reaching only ∼1.0 mg/dL by
24 hours’ reflow.
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Table 1. Renal function 24 to 48 hours’ postischemia in SD and BN rats
Urine flow rate mL/day % FENa
Sham Ischemic Sham Ischemic
(N = 5) (N = 7) (N = 5) (N = 5)
Sprague-Dawley 10.3 ± 1.8 (5) 22.0 ± 4.3 (7)a 0.38 ± 0.02 (5) 2.0 ± 0.72 (7)a
Brown-Norway 9.1 ± 1.9 (5) 13.6 ± 2.6 (5) 0.30 ± 0.03 (5) 0.45 ± 0.11 (5)
Values are mean ± SE.
aIndicates P < 0.05 vs. strain-specific sham-operated levels analysis of variance (ANOVA) and Student-Newman–Keuls. N for each group is shown in parentheses.
Fig. 2. Renal morphology postischemic injury. Shown are 5 lm, PAS-stained cross-sections through renal outer medulla of a sham-operated SD rat
(A), SD-rat 24 hours following 45 minutes of ischemia (B), sham-operated BN-Hsd rat (C), and BN-Hsd rat 24 hours after 45 minutes of ischemia
(D). Magnification is shown. PAS, periodic-acid Schiff.
Renal function after ischemia in the BN rats compared
with SD rats was assessed further by determining urine
output and fractional excretion of sodium (%FENa) be-
tween 24 and 48 hours following 45 minutes of renal
ischemia (Table 1). Urine flow and %FENa did not dif-
fer between SD and BN rats under sham-operated con-
ditions. Urinary output and %FENa were significantly
increased in SD animals after 45 minutes of ischemia
compared with sham-operated animals; however, both
the increase in urine output and sodium excretion after
ischemia were significantly attenuated in BN rats com-
pared with SD rats (Table 1).
Renal morphology 24 hours’ postischemia was, as ex-
pected, significantly compromised in postischemic SD
rats (Fig. 2). In the outer medullary zone of SD kidneys
after ischemia there was typical sloughed and necrotic
cells, much intraluminal cellular debris, and loss of
the brush border in tubules cells evidenced by little posi-
tive PAS-staining (Fig. 2). In contrast, renal morphology
in the outer medulla was markedly resistant to change
from ischemic injury in BN rats. There was little, if
any, evidence of cellular sloughing or necrosis, intralumi-
nal debris, or change in brush border staining following
45 minutes of ischemia (Fig. 2). There was no apparent
difference between the two different lines of BN rats after
ischemia (data not shown).
In Sprague-Dawley rats, mortality from this model is
typically ∼20% to 30%; death from renal failure occurs
after 2 to 3 days’ post-surgery [38] (and our observa-
tions). Because all animals in this study were killed for the
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Sham 15 minutes 24 hours
SD BN SD BN SD BN
Fig. 3. Detergent-extractable Na,K-ATPase. Immunoblot of Na,K-
ATPase in Triton X-100 extractable proteins (60 lg/lane) from renal
cortex in SD and BN-Hsd (BN) rats at 15 minutes’ and 24 hours’ re-
flow after 45 minutes of renal ischemia, or after sham operation at time
equivalent to 15 minutes’ reflow (upper panel). Immunoblot of total
cellular Na,K-ATPase isolated from renal cortex in SD and BN-Hsd
rats after sham operation and at 15 minutes’ and 24 hours’ reflow after
45 minutes of renal ischemia (lower panel). Blots are representative of
N = 4 of each condition.
SD BN-Mcw
S S S SR R R R
<Hsc 73
Fig. 4. Hsc73 expression in SD and BN rat kidney. Immunoblot of
Hsc73 in total kidney protein extracts (10 lg/lane) from SD rats and BN-
Mcw rats after sham operation (S) or 2 days reflow following 45 minutes
of renal ischemia (R). Sham-operated, and one day post-ischemia BN-
Hsd rat kidneys had the same level of expression as found for SD and
BN-Mcw animals (not shown). Blot shown represents N = 4 for each
condition.
several analyses by 48 hours’ postsurgery, no animals died
in either group because of ARF.
To determine whether resistance in the BN kidney
was manifest at times earlier in the injury process, we
examined the typical disruption of Na,K-ATPase at-
tachment to the cytoskeleton that occurs early in I/R.
Because the injury response between the two lines of BN
were otherwise indistinguishable, we compared the re-
distribution of Na,K-ATPase in response to I/R between
SD rats and BN/Hsd rats. Figure 3 shows Na,K-ATPase
in detergent-soluble fractions as well as total, unfrac-
tionated renal cortical extracts from SD and BN rats. In
sham-operated animals there was slightly less detergent-
soluble Na,K-ATPase in renal cortex from BN animals
compared with SD animals. Total Na,K-ATPase expres-
sion in unfractionated extracts from renal cortex did not
SD BN-Mcw
S S S SR R R R
<Hsp72
SD BN-Hsd
S S S SR R R R
<Hsp72
Fig. 5. Hsp72 expression in SD and BN rat kidney. Immunoblots of
kidney protein extracts (20 lg/lane) detected for the inducible 70-kD
heat shock protein Hsp72. Top, SD vs. BN-Mcw, R = 2 days’ reflow after
45 minutes of ischemia; S = sham operated. Bottom, SD vs. BN-Hsd.
R = 1 day reflow, S = sham operated. Blots shown representative of
N = 4 for each condition (total of N = 8 for SD rats).
differ between BN and SD rats (Fig. 3, lower panel).
In cortex of SD rats, renal ischemia caused increased
detergent-extractable Na,K-ATPase, as previously de-
scribed [6, 36, 39]. Detergent-extractable Na,K-ATPase
in SD renal cortex returned nearly to control levels within
24 hours, consistent with our previous observations
[36]. In contrast, detergent-extractable, cytoskeleton-
dissociated Na,K-ATPase in renal cortex from BN rats
did not change either at 15 minutes’ or 24 hours’ reflow
after ischemia compared with sham-operated controls.
Constitutive and inducible Hsp expression in BN
rat kidney differs from SD rats
Both the constitutive and inducible expression of three
stress proteins that could play a role in protection against
I/R injury were analyzed in the three strains of rats. The
highly and constitutively expressed Hsc73, cognate of the
highly inducible Hsp72, had no difference in expression
between strains either before injury, or subsequent to
the ischemic insult (Fig. 4). Hsc73 was not induced by
ischemia to higher levels of expression either in the SD
or BN rat kidneys (Fig. 4).
In contrast to Hsc73, the inducible stress protein Hsp72
had a differential level of expression in kidneys from the
three groups of rats both constitutively and after induc-
tion by ischemia. SD rats showed low level of constitu-
tive expression and strong induction of Hsp72 after renal
ischemia (Fig. 5 and Table 2), as has been previously de-
scribed [40]. In contrast, BN-Mcw kidneys had higher
constitutive expression of Hsp72 (Fig. 5 and Table 2),
while the induction of Hsp72 after ischemia was blunted
compared with SD kidneys (Fig. 5 and Table 2). The BN-
Hsd kidneys had only slightly higher constitutive levels
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Table 2. Hsp 72 and Hsp 25 levels in SD and BN rats following I/R
injury
Hsp - 72 Hsp - 25
Sham Ischemic Sham Ischemic
SD/Hsd (4) 100 ± 13 442 ± 102a 100 ± 8.1 320 ± 38a
BN/Mcw (4) 236 ± 33b 345 ± 17a 246 ± 37b 222 ± 20
BN/Hsd (4) 156 ± 7.8 225 ± 14a 219 ± 29b 269 ± 9.0
Values are mean ± SE and are expressed as % signal obtained in SD
sham-operated control.
aIndicates P < 0.05 vs. strain-specific sham-operated levels by analysis of
variance (ANOVA) and Student-Newman–Keuls.
bIndicates P < 0.05 BN sham-operated vs. SD sham-operated levels by
ANOVA and Student-Newman–Keuls.
SD BN-Mcw
S S S SR R R R
Hsp25
SD BN-Hsd
S S S SR R R R
Hsp25
Fig. 6. Hsp25 expression in SD and BN rat kidney. Immunoblots of
kidney protein extracts (50 lg/lane) detected for Hsp25. Top, SD vs.
BN-Mcw, R = 2 days’ reflow after 45 minutes of ischemia, S = sham
operated. Bottom, SD vs. BN-Hsd, R = 1 day reflow, S = sham operated.
Blots shown representative of N = 4 for each condition (total of N = 8
for SD rats).
of Hsp72 than SD, but also manifested diminished Hsp72
induction after ischemia (Fig. 5 and Table 2).
In addition, the expression of Hsp25 was examined and
showed a pattern similar to that of Hsp72. The induction
of Hsp25 by renal ischemia was observed in SD kidneys,
as has previously been described [27, 30], but was blunted
in BN-Mcw and BN-Hsd kidneys by comparison (Fig. 6
and Table 2). Like Hsp72, Hsp25 had a higher basal
expression in the BN-Mcw rat kidneys than in SD kid-
neys (Fig. 6, upper panel). BN-Hsd kidneys had the same
Hsp25 expression as BN-Mcw kidneys, having higher
constitutive Hsp25 and less induction after ischemia
compared with SD kidneys (Fig. 6, lower panel). This
contrasts with the pattern of Hsp72 expression in
BN-Hsd kidneys, in which constitutive Hsp72 expression
was less than BN-Mcw kidneys and only slightly higher
than SD kidneys (Fig. 5 and Table 2).
We also used immunohistochemistry to precisely char-
acterize the differential expression, found by Western
analysis, of Hsp72 and 25 in renal cortex in BN-Mcw rats
compared with SD rats. Figure 7 shows the distribution
of Hsp-72 in renal cortex of SD rats and BN-Mcw rats.
The dramatic induction of Hsp72 expression in SD rat
proximal tubules after ischemia (Fig. 7B, black arrow)
compared with sham-operated cortex (Fig. 7A) was as
previously described [40]. Only modest increase in distal
tubule staining occurred after ischemia (Fig. 7A, white ar-
rows). In sham-operated BN-Mcw renal cortex (Fig. 7C),
Hsp72 staining was more intense in both proximal
(Fig. 7B, black arrow) and distal tubules when compared
with cortex of sham-operated SD rats (Fig. 7A).
Similarly, Figure 8A shows faint positive immunoreac-
tivity for Hsp25 in the cortex of SD rats that is largely
restricted to distal tubule (Fig. 8A, white arrows). Im-
munoreactivity for Hsp25 was also present in the thick as-
cending limb and vascular structures in the renal medulla
(not shown). Though less dramatic than Hsp72, after 6
hours of reperfusion injury, there was an increase in the
intensity of Hsp25 staining in renal cortex including some
proximal tubular structures (Fig. 8B, black arrow). When
compared with SD rat kidney cortex, Hsp25 immunore-
activity in sham-operated BN kidneys (Fig. 8C) was more
intense in the cortico-medullary region, and was notably
present within proximal tubules (Fig. 8C, black arrow).
Hsp25 staining was slightly more intense in cortical dis-
tal tubules (Fig. 8C vs. 8A, white arrow), but was not
appreciably different in glomeruli. There was also in-
creased intensity of Hsp25 immunoreactivity in the renal
medulla of BN rats when compared with SD rats (not
shown). Taken together, it appears that the baseline in-
crease in Hsp72 and 25 expressions in the kidneys of BN
rats are attributable to increased expression at multiples
sites within the kidney, including more distinctly promi-
nent expression in proximal tubules.
DISCUSSION
The pathways to protection against, or recovery from,
renal ischemia are likely intimately intertwined with the
mechanisms of injury that result from ischemia and reper-
fusion. Recent studies using ischemic preconditioning or
cross-tolerance studies have provided insight into some
mechanisms of resistance to ischemic insults [16, 21, 22].
Another approach has been to study pathways of inter-
est by genetically manipulating mice or cell lines in es-
tablished in vivo and in vitro models of renal cell injury.
These powerful approaches have been quite informative,
but taken alone have the potential to skew our under-
standing of the relative importance of pathways involved
in injury and cytoprotection.
To complement these powerful techniques, another
approach would be to define inherent resistance to in-
jury from I/R in different strains of animals from a sin-
gle species. Once defined, known pathophysiologic and
putative cytoprotective mechanisms that might under-
lie the observed resistance to injury can be studied be-
tween strains. The mechanisms of resistance may be
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Fig. 7. Immunohistochemical localization of Hsp72 in SD and BN rats. (A) Renal cortex of sham-operated control SD rat. Hsp72 was detectable in
distal tubule (white arrow) and only slightly in proximal tubules. (B) SD renal cortex at 6 hours’ reperfusion shows prominent induction of Hsp72 in
proximal tubules (black arrow) and mild induction in distal tubules (white arrow). (C) Renal cortex of sham-operated BN-Mcw. Hsp72 staining is
more intense in both proximal tubules (black arrow) and distal tubules compared with SD cortex (A). Postischemic BN kidneys (not shown) did not
differ from sham-operated (C). There was no appreciable staining of glomeruli in either SD or BN kidneys (A and C). (D) Sham-operated BN rat
kidney incubated simultaneously in the presence of an equal dilution of nonimmune rabbit serum. Additional incubations of normal rabbit serum
on postischemic Sprague-Dawley rats also lacked signal (not shown). Micrographs are representative of at least 3 different animals per group; bar
length is 200 lm.
multiple and overlap, as in models of preconditioning.
However, defining strain-specific, intrinsic resistance to
injury has the potential advantage of revealing a ge-
netic basis for resistance to injury and ultimately uncov-
ering novel cytoprotective mechanisms using unbiased
genomic studies.
This approach has been taken in studies of ischemic
cardiac injury as a step toward understanding the genetic
basis of intrinsic resistance to injury. Using the established
model of isolated rat heart for study, BN rat hearts were
more resistant to ischemia than hearts from other inbred
and outbred rat strains [32]. In a like manner, we found
strain-specific, intrinsic differences in the degree of in-
jury from renal ischemia. Compared with the SD rat kid-
ney, BN kidneys were essentially completely protected
from injury during and following 45 minutes of ischemia,
as assessed by traditional, accepted features of renal in-
jury, including early redistribution of Na,K-ATPase and
later manifestations such as elevation in serum creatinine,
changes in sodium and water excretion, and altered tubu-
lar morphology. Because these data are consistent with
protection observed in the heart [32], similar cytoprotec-
tive mechanisms may be active in different tissues from
this strain of rat.
Many investigators, including ourselves, have routinely
used SD rats to study ARF from ischemia because that
model gives reproducible and measurable injury [2, 7, 8,
45, 46]. Other strains also are commonly used in studies
on ARF, including Lewis [41], Munich-Wistar [42], and
Fischer-344 [43]. Although no study has systematically
analyzed the sensitivity to injury between these strains,
all of these appear to manifest a significant injury to com-
parable ischemic time. Studies conducted in our labora-
tory using normotensive (low-salt fed) Dahl-S rats also
resulted in injury that was indistinguishable from SD rats
(not shown). Therefore, among rat strains studied thus
far, the BN rat is remarkable in the extent to which it is
protected from renal ischemia.
In the present report we studied two different lines
of BN rats. The rationale was first to determine whether
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Fig. 8. Immunohistochemical localization of Hsp25 in SD and BN rats. (A) Renal cortex of sham-operated control SD rat. Hsp25 was detectable
primarily in distal tubules (white arrow) and glomeruli. (B) SD renal cortex 6 hours’ reperfusion after 45 minutes of ischemia shows induction
of Hsp25 in both distal tubules (white arrow) and several proximal tubules (black arrow). (C) Renal cortex of sham-operated BN-Mcw. Hsp25
immunoreactivity was distinctly more intense in proximal tubules (black arrow) and cortical distal tubules (white arrow) when compared with sham
SD cortex (A), but no difference was seen in glomerular staining. Hsp25 immunoreactivity in the renal medulla of BN rats also was increased
compared with SD rats (not shown). Staining in postischemic BN rats (not shown) was the same as sham-operated (C). (D) Sham-operated BN rat
kidney incubated simultaneously in the presence of an equal dilution of nonimmune rabbit serum. Additional incubations of normal rabbit serum
on postischemic Sprague-Dawley rats also lacked signal (not shown). Micrographs are representative of at least 3 different animals per group; bar
is 200 lm.
the protective phenotype was common in different BN
lines because there is a small degree of genetic varia-
tion between the BN-Mcw line and the BN lines main-
tained by other investigators or vendors (Howard Jacob,
Medical College of Wisconsin, personal communication,
2003). Second, because the protected phenotype could be
demonstrated in two lines of BN rats, they could be read-
ily accessible for study by other interested investigators.
The mechanisms contributing to the protection of the BN
kidney in response to I/R injury are unknown. In search-
ing for potential mechanisms that might convey cytopro-
tection, it is of particular interest that BN rats display
complete resistance to redistribution of Na,K-ATPase,
an early manifestation of injury prominently observed in
SD animals within 15 minutes of reperfusion. This ob-
servation indicates that a major component conveying is-
chemic resistance in the BN rat is present at a fundamen-
tally early step in the injury process, and may represent
an intrinsic difference in the cell biology or biochemistry
of BN and SD renal epithelia.
Moreover, these results also suggest that one likely spe-
cific target for cytoprotection in BN kidney epithelia is
the cytoskeleton, the site of early and consistent alter-
ations with ischemia (reviewed in [44]). Preservation of
Na,K-ATPase interaction with the cytoskeleton in the
ischemia preconditioning model has been shown to be
directly attributable to Hsp72 and to Hsp25 [20]. Further-
more, a direct interaction between labeled human Hsp27,
the cognate of rodent Hsp25, and actin in cultured renal
epithelia during ATP depletion has been demonstrated
[26]. In the same study, overexpression of Hsp27 was
associated with preferential limitation of Na,K-ATPase
detachment from the cytoskeleton during ATP depletion.
In contrast, Hsp27 had no apparent effect on the redis-
tribution of a separate cytoskeleton-associated protein,
the apically located ezrin [26]. The specific interaction
with actin and differential effect of Hsp25/27 on sepa-
rate cytoskeleton-associated proteins coincides with the
particular redistribution of labeled Hsp27 and actin in
ATP-depleted renal epithelia [26, 45, 46].
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These previous studies, then, led us to investigate
whether there might be altered expression of either con-
stitutive or inducible expression of putative cytoprotec-
tant 70-kD heat shock proteins or Hsp25. Each of these
proteins has been demonstrated to protect a variety of
cells from generalized manifestations of injury, including
cell death, and to protect renal epithelial cells from heat,
osmotic, toxicant, or energy depletion injury [26, 28, 47].
Furthermore, Hsp72 and Hsp25 are rapidly and highly
induced after renal ischemia, suggesting a role in the re-
covery process [26, 31, 36]
While the constitutive levels of Hsc73 did not vary be-
tween the strains, the expression of the other two stress
proteins examined differed between the strains both be-
fore and subsequent to the ischemic injury. The induction
of these Hsps in BN rats after ischemia was modest com-
pared with the significant induction in SD rats. The lack
of injury in BN rat kidney or the constitutively higher
levels of Hsp25 and Hsp72 would appear to obviate the
need for further induction of these particular Hsps after
the ischemic insult. These results indicate, then, that Hsp
induction in vivo after I/R occurs as a result of injury and
not as a result of ischemia/reperfusion, per se.
The fact that levels of inducible Hsp72 and Hsp25 are
constitutively higher in sham-operated BN animals com-
pared with SD animals would suggest that these two stress
proteins either individually or collectively contribute to
the dramatic resistance to I/R injury in BN animals.
Pertinent to the evidence of preserved structural and
functional integrity of the proximal tubule in BN rats
subjected to ischemia is the additional finding of dis-
tinct increased constitutive expression of both Hsp72 and
Hsp25 in proximal tubules of BN rats compared with
SD. Certainly, our results do not demonstrate a direct
causal relationship between the higher stress protein lev-
els and renal protection; substantial additional work will
be required to determine whether such a relationship
exists.
Nevertheless, that Hsps may contribute to cytopro-
tection has been established. Studies of cultured renal
epithelia have clearly demonstrated that overexpressed
stress proteins can mediate protection against several
forms of insults [26, 47, 48]. In vivo studies have been sub-
ject to greater controversy; initial studies using either an
ischemic preconditioning model or cross-tolerance after
heat stress induction suggested that heat shock proteins
contribute little, if any, protection against ischemic injury
in the kidney [21, 49]. However, more recent studies us-
ing ischemic or heat preconditioning do suggest a role for
either Hsp72 or Hsp25 in protecting against injury from
renal ischemia in vivo [16, 20, 50, 51]. The apparent con-
flicting results from these previous in vivo precondition-
ing studies highlight the potential advantage of studying a
model of intrinsic resistance to injury, as presented here,
where a preconditioning insult is not required.
Relevant to our finding differential expression of stress
proteins between the strains is the recent study of Park
et al [16]. Using a mouse model of ischemic precondition-
ing, protection was observed at an interval when Hsp25
levels remained elevated but Hsp72 levels had returned
to control levels [16]. We found that protection from I/R
was indistinguishable in both lines of BN rats, Hsp25 was
significantly higher in both BN lines, but Hsp72 was sig-
nificantly higher only in the BN-Mcw rats. These data
would seem to indicate that Hsp25 might play a more im-
portant role than Hsp72 in protecting BN kidneys. The
results of these two studies taken together, then, suggest
that if Hsp72 and Hsp25 provide protection against renal
ischemia, they may not do so to an equivalent degree.
The intent of the present study was to determine the
extent of resistance to ischemic injury in the BN kidney,
and to begin to define differences in gene expression that
might contribute to the varied response to renal ischemia.
While we found significant and strain-specific differences
in stress protein expression, clearly, stress proteins are
merely one of several components that might provide the
dramatic resistance to ischemic injury in the BN rat. The
role of Hsps in providing protection against cell injury in
vivo remains to be proved and characterized definitively.
Additional work with this new model is likely to reveal
that differences in other defined and novel pathways to
injury or cytoprotection contribute to the dramatic re-
sistance to injury. Physiologic, cell biologic, and genetic
approaches can be used with this model to determine
the importance of each pathophysiologic pathway. Fur-
thermore, the robust nature of the cytoprotection present
in BN rats will allow application of novel techniques to
study resistance to I/R injury. For example, genome scans
of genetic crosses with other inbred strains of rats more
susceptible to injury could reveal chromosomal regions
associated with cytoprotection [32]. This could then lead
to chromosomal transfer studies, such as one in which
chromosome 13 of the BN rat was transgressed into the
Dahl S genome, thereby attenuating salt-sensitive hyper-
tension [52].
CONCLUSION
We have characterized significant protection against
ARF in BN rats present both at early and later phases
after I/R; the mechanism of this protection remains to be
defined. The increased constitutive expression of Hsp25
and Hsp72 in BN kidney suggests one potential mecha-
nism of resistance. However, other established pathways
such as the JNK/ERK stress response pathways [25], re-
active oxygen species, leukocyte chemoattraction, and
lipid metabolism should be considered in the resistance
to ARF in the BN rat. We suggest that this new model of
intrinsic resistance to injury, represented by the BN rat,
adds a powerful new tool to dissect the impact of specific
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pathways on the processes of injury, as well as resistance
against an ischemic insult.
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